Coupling of nuclear and electronic degrees of freedom mediates energy flow in molecules after optical excitation. The associated coherent dynamics in polyatomic systems, however, remain experimentally unexplored. Here, we combined transient absorption spectroscopy with electronic population control to reveal nuclear wavepacket dynamics during the S2 → S1 internal conversion in β-carotene. We show that passage through a conical intersection is vibrationally coherent and thereby provides direct feedback on the role of different vibrational coordinates in the breakdown of the Born-Oppenheimer approximation.
Coupling of nuclear and electronic degrees of freedom mediates energy flow in molecules after optical excitation. The associated coherent dynamics in polyatomic systems, however, remain experimentally unexplored. Here, we combined transient absorption spectroscopy with electronic population control to reveal nuclear wavepacket dynamics during the S2 → S1 internal conversion in β-carotene. We show that passage through a conical intersection is vibrationally coherent and thereby provides direct feedback on the role of different vibrational coordinates in the breakdown of the Born-Oppenheimer approximation.
Conical intersections (CI) between potential energy surfaces are a dominant concept in theoretical treatments of ultrafast electronic dynamics in polyatomic molecules [1] [2] [3] [4] . According to this description, displacement along a subset of molecular degrees of freedom mediates efficient coupling of electronic states, but experimental information on the identity of these coordinates is lacking. Vibrational coherence (VC) [5] [6] [7] [8] [9] [10] [11] is an ideal tool to study the structural aspects of CI dynamics, because the evolution of nuclear wavepackets after electronic surface crossing has been predicted to depend strongly on how the respective vibrational coordinate is involved in the CI [12, 13] . Early ultrafast studies of diatomic molecules have directly revealed coherent vibronic coupling [6] , but for polyatomic molecules, VC after surface crossing has only been reported in low-frequency coordinates. Vibrational periods comparable to or longer than the surface crossing time [14, 15] , however, make it difficult to distinguish whether the VC has survived passage through the CI or was generated by the surface crossing. Therefore, no experimental information exists on how VCs are affected by passage through a CI and whether vibrationally coherent coupling of electronic states occurs at all in polyatomics.
The lack of experimental studies using VC as a sensitive probe of CI dynamics is largely a consequence of technical difficulties. Time-domain observation of VC requires high temporal resolution (< 15 fs) to access full vibrational spectra (< 2000 cm −1 ) [16] and broad probing bandwidths to simultaneously monitor the electronic states involved in the CI. In addition, spectroscopic signatures of VCs in the time-domain are orders of magnitude smaller than their electronic counterparts demanding high spectroscopic sensitivity. Even under optimized experimental conditions [17] , however, the isolation of excited state signatures is challenging because of the unavoidable and often dominant presence of ground state and solvent VCs [18] . As a result, no clear observation of multiple excited state nuclear wavepackets generated directly by the excitation pulse has been reported to date. In this work, we used highly time-resolved pump-probe (PP) spectroscopy combined with electronic population control to generate and monitor the fate of excited state VCs during the S 2 → S 1 internal conversion (IC) in β-carotene in solution.
Photoexcitation of β-carotene in toluene populates the second excited singlet state S 2 that decays with a 140 fs time constant into S 1 (FIG. 1a) [19] . The three lowest singlet states [20] are easily identified by their well separated electronic transitions, with absorption maxima at 950, 570 and 480 nm. To monitor the coherent vibronic dynamics of β-carotene, we performed a PP experiment with a 12 fs pump centered at 480 nm and a ∼300 fs chirped probe pulse (520 -900 nm), a combination that allows for overal < 15 fs time-resolution with spectrally resolved broadband probing [21] . One-photon absorption to S 1 is symmetry-forbidden ensuring that our signals are dominated by the dynamics following S 2 ← S 0 excitation. The S 2 → S 1 IC is fast compared to common vibrational dephasing times so that most of the VC created by photoexcitation does not dephase on the timescale of IC. signatures of the coherent artifact [22] , a weak bleach at wavelengths <530 nm, signs of stimulated emission in the 530 -650 nm window [23] and excited state absorption (ESA) from S 2 in the near-infrared (NIR, >800 nm). The decay of the S x ← S 2 and the rise of the S y ← S 1 ESAs proceeds with the same time-constant (140 fs) in agreement with previous results [19] .
We truncated the data at ∆t = 85 fs to avoid contamination by the coherent artifact before globally fitting the remaining differential absorbance. The coherence map after subtraction of the slowly varying electronic kinetics [21] exhibits three major regions of activity as a function of wavelength (FIG. 2a) . The NIR coherence (>800 nm, S 2 ESA) decays rapidly with a time constant comparable to the S 2 lifetime, VC in the visible (540 -650 nm, S 1 ESA) dephases more slowly and exhibits a phase jump around 570 nm [24, 25] , while weak and slowly decaying oscillations separate the two ESAs (650 -800 nm). Comparison with FIG. 1b suggests that the NIR and visible regions are dominated by S 2 and S 1 VC, respectively, while the transition region (650 -800 nm) highlights the fact that S 0 and solvent coherences contribute over the full observation window.
To gain further insight into the spectral content of the VCs, we performed a Fourier transform and averaged over the 540 -650 nm spectral window to capture a representative spectrum of the coherent activity in the S 1 region. In addition to strong S 0 signatures at 1008 and 1156 cm −1 , clear S 1 marker bands emerge, such as the well-established 1785 cm −1 [19, 26] and the recently reported 290 and 399 cm −1 bands (FIG. 2b) [21, 27] . Although these spectra suggest that VC in multiple degrees of freedom is transferred through the CI from S 2 into S 1 , the additional presence of solvent and S 0 coherences greatly diminishes the visibility of individual S 1 coherences. We therefore designed an experimental approach that allows us to isolate VCs that originate from a specific electronic state of interest. Extending the two pulse PP experiment by a third dump pulse [28] , time coincident with the pump and resonant with the S x ← S 2 transition, selectively removes S 2 population (FIG. 3a inset) . The duration of the dump pulse was chosen in such a way that it cannot impulsively create VCs with frequencies >50 cm −1 . By comparing the PP to the pump-dumpprobe (PDP) experiment after subtraction of the exponential electronic kinetics, we were able to isolate S 2 VC as outlined in Eqs. 1a-c
Here, VC OmO is the difference between the signals recorded in the PP and PDP experiments, x is the fraction of molecules removed by the dump pulse and χ j the VC of species j. VC OmO therefore isolates VC that is either present on or originates from S 2 (FIG. 3a) . Comparison of FIG. 2a and FIG. 3a in the 650 -800 nm spectral region highlights the efficient removal of all ground state and solvent coherences. Two regions of clear coherent activity remain: the S x ← S 2 and the S y ← S 1 ESA regions with wavelength dependent coherence amplitudes reminiscent of the respective transient absorption spectra (FIG. 1b) [24, 25] . Short-lived VC present at early timedelays in the 650 -800 nm window likely originates from the S 0 ← S 2 stimulated emission transition. While the peak positions in the averaged Fourier power spectrum of the S 1 region (540 -650 nm) agree well with those obtained for an S 1 -only spectrum recorded via broadband impulsive vibrational spectroscopy (FIG. 3b) [21] , the intensities of the individual bands differ considerably. Both the 1538 and 1256 cm −1 modes exhibit similar intensity ratios while a number of bands in the 700 -1300 cm −1 window, marked by arrows in FIG. 3b , are strongly enhanced in the VC OmO spectrum.
In contrast to the visible, broad S 2 signatures dominate the NIR (FIG. 4a,b) . While the S 2 VC amplitude is large (FIG. 3a) , its contribution to the respective Fourier power map (FIG. 4a) is almost negligible, a result of the rapid loss of electronic population caused by the short S 2 lifetime. Interestingly, magnification of the 780 -880 nm region (FIG. 4b) reveals sharp features on top of the broad S 2 bands. Fourier power spectra necessarily merge phase and amplitude information, an effect that can influence both shape and position of peaks, especially for partially overlapping bands [29] . To nevertheless obtain realistic frequency estimates and information on the vibrational dephasing times, we applied linear prediction singular value decomposition to the coherences observed in the visible and NIR regions (FIG. 4c) [29] . The ma- FIG. 2a) . The black contour lines are set at ± 500, ± 300 and ± 65 µOD to highlight regions of predominant coherent activity. A dump pulse centered at 1030 nm, 1 ps duration with an intensity of 150 mJ · cm −2 was used. (b) Comparison of a Fourier power spectrum obtained by broadband impulsive vibrational spectroscopy (blue) to the S1 spectrum obtained by IC from S2 (orange), the spectral intensities were corrected for time resolution (15 and 14 fs respectively). Common bands are indicated by black lines, enhanced bands by arrows.
jority of frequencies obtained in the S 2 region exhibited short (< 140 fs) dephasing times, in agreement with the decay time of S 2 . Some bands, however, such as those present in the 1100 -1400 cm −1 region, exhibited vibrational dephasing times that clearly exceeded the electronic lifetime of S 2 . Interestingly, these long-lived coherences are also present in the S 1 spectral region, suggesting that several S 1 frequencies modulate the spectral window of the S 2 ESA, even after the electronic state has nominally decayed. Our results clearly demonstrate that VC generated in one electronic state remains active in the product state after IC. Despite optical excitation into the S 2 state with a 140 fs lifetime, VC in all known S 1 modes is present throughout the S y ← S 1 ESA window, even for vibrational periods as short as 19 fs (1785 cm −1 ). Therefore, the origin of the observed S 1 coherence must be at time zero, but in a different electronic state.
To understand the potential origin of the VC transfer, it is instructive to consider the role of nuclear degrees of freedom in electronic surface crossings. By definition, a conical intersection (CI) is spanned by a subset of vibrational coordinates, known as coupling modes [13] while others, being important for reaching the CI, are classified as tuning coordinates. According to this theoretical description, nuclear wavepackets in coupling modes can be strongly influenced by passage through the CI while VC in tuning modes is largely unaffected by the surface crossing.
The spectra in FIG. 3b suggest that most of the known, intense S 1 Raman bands (290, 399, 1256, 1538, 1785 cm −1 ) act predominantly as tuning modes. The excitation pulse generates nuclear wave packets in totally symmetric modes and this coherence is essentially unperturbed by the surface crossing. This interpretation is in line with the fundamental symmetry requirements for a B u to A g surface crossing requiring b u -symmetry vibrational modes to couple S 2 and S 1 . The dramatic difference in coherent activity for a number of S 1 bands after IC (776, 1000, 1160, 1206, 1287, 1372, 1407 cm −1 ) compared to impulsively created VC on S 1 is consistent with these modes being non-totally symmetric and therefore almost undetectable in standard Raman spectra (see Fig. 3b ). In the experiments reported here the VC evident in the S y ← S 1 absorption window reports on the molecule in the vicinity of the surface crossing, i.e. vibrationally hot molecules. Here, S 1 and S 2 are strongly mixed allowing for both totally and non-totally symmetric modes to be Raman active and thus modulate the transient electronic signals. Such appearance of non-totally symmetric vibrations has been previously reported in time-resolved anti-Stokes Raman experiments on 4-nitroaniline, although in an incoherent fashion [30] .
Given that only symmetric modes are Franck-Condon active in the S 2 ← S 0 transition, VC in non-totally symmetric modes must therefore have been generated after excitation. The high frequencies of many detected vibrations (> 1000 cm −1 ) together with the 140 fs lifetime of S 2 firmly excludes impulsive generation of the VC by the surface crossing. Instead, the VC in non-totally symmetric modes must be generated by anharmonic coupling with the originally excited symmetric modes. Theoretically, one could differentiate between anharmonic coupling exclusively on S 2 and coupling strictly induced by the CI. Given the symmetry properties of the two states (B u and A g ), however, such a differentiation appears largely semantic. The CI mixes the electronic and symmetry characters of the two states and hence strongly distorts the potential energy surfaces of S 2 and S 1 .
Although it is difficult to clearly assign the observed vibrations to coupling or tuning modes, we believe that the enhanced non-totally symmetric modes contribute to the coupling of the S 2 and S 1 and, thereby, to the formation of the CI. VC in these modes is strongly affected by the CI, although in this case it is generation of VC rather than destruction by dephasing that has been predicted if a wavepacket is already present in the coordinate prior to surface crossing [13] . The modes are fundamentally connected to the formation of the CI because it is anharmonic coupling that generates the VC and the anharmonic coupling in turn is mediated by the CI. Nontotally symmetric modes exhibit the correct symmetry to couple the two electronic states and thereby mediate the breakdown of the Born-Oppenheimer approximation. This notion is strengthened by our observation of longlived surface recrossings (FIG. 4) that has been predicted to occur for both coupling and tuning modes [13] .
The exact structural assignment of these coordinates is difficult due to the computational complexity associated with quantum chemical studies of molecules as large as β-carotene. Our methodology, however, is readily expandable to smaller molecules by using excitation pulses in the ultra-violet where structurally simpler molecules enable much more precise computational studies. The coherent nature of our methodology therefore provides scope for the elucidation of the molecular coherent dynamics associated with electronic surface crossings and thus allows for direct insight into the basics behind the breakdown of the Born-Oppenheimer approximation for polyatomic molecules in the condensed phase.
